We measured the concentrations and chemical forms of phosphorus (P), an essential nutrient in marine ecosystems, in steelmaking slag (Slag) to determine whether use of Slags as a basal medium for artificial tidal flats and seagrass beds was an environmentally acceptable option for the reuse and recycling of Slags. We tested six Slag samples, including dephosphorization slags and converter slags. The total P concentrations were one order of magnitude higher in the Slags than in the aquatic particulate materials. We used a sequential extraction technique in which the strength of the extractants was increased stepwise in order to separate the P pools in the Slags into four fractions; exchangeable P, Fe (III)-bound P, authigenic P-like component, and detrital P-like component. We considered P contained in the first two fractions to be easily mobilized under the conditions found in some marine environments, such as the highly reduced zones of subsurface sediments. The mobile P accounted for 55-660 μmol P g -1 and for 56-81% of the total P in the Slags. The results strongly suggested that Slags have substantial potential to function as a P source that could sustain biological productivity in artificial tidal flat and seagrass bed ecosystems. On the other hand, Slags also have the potential to mitigate intense and rapid release of P from basal media, because mechanisms exist for adsorption and co-precipitation of phosphate with major components of Slags, including iron, calcium, and magnesium.
Introduction
The recycling of industrial waste and by-products has become very important because of the cost of disposal and enforcement of environmental regulations that require minimizing waste disposal. The steelmaking industry is especially concerned about this problem because it generates a huge quantity of by-products. Steelmaking slag (Slag), which is one of the major by-products of steelmaking operations, is produced in large quantity every year in various countries. [1] [2] [3] In Japan, 10 million tons of Slag are generated every year. 1) Slags are recycled and used in sintering processes aimed at recovering iron, as a building material for roads and other structures, and as a fertilizer. 1, 4) Steelmaking companies are now seeking further innovative technologies to reduce the amount of Slag they produce and new products and processes for which Slag would be a valuable resource. 5) In recent years, use of Slag as an alternative to sand as the basal medium for construction of artificial tidal flats and seagrass beds has begun to attract attention. 1, [6] [7] [8] [9] Tidal flats and seagrass beds provide ecological benefits in coastal marine environments. [10] [11] [12] [13] [14] However, the total area of natural tidal flats and seagrass beds of eelgrass (Zostera marina L.), the most prevalent seagrass in Japanese coastal areas, has decreased substantially around Japan because of coastal development and human activities. 15) Slag is expected to be a suitable basal medium for creation of artificial tidal flats and eelgrass beds both physically and chemically, in the latter case because it is rich in nutrients required for plant growth, such as iron, phosphorus, and silicon. 5) Phosphorus (P) is one of the nutrients essential for sustaining marine productivity, whereas an excess and rapid release of P into seawater causes a deterioration of water quality known as eutrophication. 16) If excessive amounts of P are released from Slag rapidly and persistently, the result could be eutrophication. However, some studies have revealed that some kinds of slag, including blast furnace slag and electric arc furnace slag, exhibit characteristics that result in efficient removal of P from water, 17, 18) rather than being a source of P. The behavior of the P associated with Slag seems to be quite complicated under marine environmental conditions.
In shallow coastal environments, including tidal flats and seagrass beds, sediments play an essential role in regulating the P cycle through release to and uptake from the water column. 19, 20) P behavior in sediments depends very much on environmental conditions, including redox potential, pH, ISIJ International, Vol. 55 (2015) , No. 1 salinity, and activities of benthic organisms. [21] [22] [23] [24] In addition to in situ conditions, the amount and nature of the Pcontaining compounds in sediments are important factors, because aquatic sediments contain various forms of P, and some forms of P differ greatly in terms of their reactivities. [25] [26] [27] To evaluate the benefits and potentially adverse effects of using Slags in the marine environment, it is essential to clarify the mechanisms and extent of release and/or uptake of P by Slags in the sediments of tidal flats and eelgrass beds. Little is known about the reactivity of the Pcontaining components of Slags under a range of marine environmental conditions.
The main goal of our study was to evaluate Slags in terms of their potential to function as a source and/or sink of P when used as the basal medium for tidal flats and seagrass beds. The experimental design involved fractionation and quantification of the various P-containing components in the Slags using a sequential extraction technique that has been developed to evaluate P reactivity in aquatic sediments. [25] [26] [27] For reference purposes, we used various samples of natural aquatic particulate materials, including shallow coastal and estuarine sediments, tidal flat sediments, seagrass bed sediments, and riverine suspended matter.
Experimental

Samples
In this study, we used two types of Slags, including dephosphorization slags and converter slags. Six Slag samples of three dephosphorization slags (S1-S3) and three converter slags (S4-S6) were supplied from four steel plants in Japan. The Slag samples were ground into powder with an aluminum oxide mortar and pestle.
In addition to Slag samples, we analyzed natural particulate matter collected from various aquatic environments. The aquatic particulate matter included coastal marine sediment and dredged material, estuarine sediment, eelgrass bed sediment, tidal flat and sandy beach sediments, and riverine suspended matter. The list of samples and sampling locations are shown in Table 1 . A coastal marine sediment sample (N1) was provided as a geochemical reference material (JMS-1) by the Geological Survey of Japan (https:// gbank.gsj.jp/geostandards/) 28) and was collected from Tokyo Bay, a heavily eutrophic basin. The sample of dredged materials (N2) was provided from dredging operations for maintenance of navigation channels and trenches in Mizushima Port in the Seto Inland Sea, Japan. The riverine suspended matter (N8) was a collection of terrigenous particles transported to coastal marine environments, and the details of the sample are described in Suzumura and Kamatani. 29) Other samples were collected with a scoop from approximately the top 5 cm of sediment. These samples were lyophilized and ground into powder with an agate mortar and pestle.
Chemical Analyses
The chemical composition of the major elements in the Slags and aquatic particulate samples was analyzed using an energy-dispersive X-ray fluorescence spectrometer (EDXL300, Rigaku). Loss-on-ignition (LOI) was determined by ignition of samples for one hour at 750°C. 30) The organic carbon concentration of aquatic particulate materials was measured using an elemental analyzer (FLASH 2000, Thermo Fisher Scientific) after the removal of carbonates by hydrochloric acid addition.
Concentrations of total P were determined using an ignition method. 31, 32) Briefly, inorganic P was extracted with 1 M hydrochloric acid from the samples after combustion at 470°C for 90 min with addition of magnesium nitrate. The soluble reactive phosphate (SRP) concentration in the acid extract was determined by ascorbic-acid-reduction, molybdate-blue absorption spectrophotometry with a Seal Analytical QuAAtro Autoanalyser (2-HR, BLTEC) at a wavelength of 880 nm.
The chemical fractionation of P was carried out with a four-step sequential extraction scheme ( Table 2 ). The extraction scheme was based on the methods of Ruttenberg 25) as modified by Schenau and De Lange 27) and Küster-Heins et al. 26) The strength of the extractants was increased in a stepwise manner to sequentially separate more strongly bound P. Approximately 0.125 g of the powdered sample was extracted sequentially with 25 mL of (I) 2 M ammonium chloride (pH 7; repeated ten times), (II) citrate dithionite buffer (CDB; pH 7.5), (III) 1 M sodium acetate buffer (pH 4), and (IV) 1 M hydrochloric acid. After extraction steps 2 and 3 the samples were rinsed successively with 2 M ammonium chloride (25 mL) and water (25 mL) to prevent re-adsorption of phosphate. After each extraction and washing, the suspension was centrifuged (2 380 × g, 10 min.), and the supernatant was filtered through a syringe filter with a pore size of 0.45 μm (Millex-HV, Millipore). The SRP concentration in each supernatant was determined with the autoanalyser. The supernatants from steps (I), (II)-2, Table 2 ) were acidified to pH 1 by the addition of hydrochloric acid, followed by P concentration analysis. The CDB extracts from step (II)-1 were not suited to analysis using the standard molybdenum blue method because citrate interferes with reduction of the molybdate complex. To eliminate the interference, the CDB extracts were reacted with 1% v/v FeCl3 (final conc.) for a few days.
25) The ammonium molybdate reagent was then added to the sample solution at a volume ratio of 3:1 to convert phosphate to a phosphomolybdate complex. The phosphomolybdate complex in the sample solution was purified by using a solid-phase extraction technique with a Sep-Pak PS-1 cartridge (Waters).
33) The P concentration in the solution was determined spectrophotometrically as described above. The dry weights of Slags and aquatic particulate materials were determined by drying at 110°C, and P concentrations are reported here on the basis of the corresponding dry weights. All reagents used were of analytical grade. Purified water obtained directly from a Milli-Q Gradient System (Millipore) was used for reagent preparation and rinsing.
Results and Discussion
Total P Concentration
Total P concentrations determined by the ignition method in the six samples of Slags ranged from 216 to 815 μmol P g -1 (Fig. 1) . Dephosphorization slags contained highly variable total P concentrations (S1-S3; Fig. 1 ). The highest and lowest total P concentrations were found in dephosphorization slags S1 and S2, respectively. In contrast, total P concentrations in the converter slags were relatively constant; all fell within a narrow range of 340-433 μmol P g -1 .
Although the ignition method used in this study has been widely used for total P analysis in aquatic sediments and particulate matter, 31, 32) this seems to be the first application of the method to Slags. Previous studies have used other techniques for Slag analysis, including electron probe micro-analysis and X-ray fluorescence. Those studies have reported that total P concentrations ranged from 0.7 to 17 mass percent as P2O5 in various types of Slags. 1, 5, 34) These values, which correspond to 98-2 400 μmol P g -1 , are consistent with those observed in this study. We determined the chemical composition of the Slag samples by energydispersive X-ray fluorescence spectrometry as well ( Table   3 ) and found that total P concentrations in the Slag samples estimated by the ignition method and X-ray fluorescence were comparable. There was a significant linear relationship between the total P concentrations determined by these two methods although the ratio was not 1:1 (Fig. 2 , r = 0.981, P < 0.001, n = 6). The ignition method thus appeared to be useful for determination of total P concentrations in Slags as well as in sediment samples.
Total P concentrations in the aquatic particulate materials in this study ranged between 5 and 32 μmol P g -1 (Fig. 1) . Most of the values fell within the range of total P concentrations reported in previous studies for various aquatic samples, including sediments from coastal shallow basins, eelgrass beds, tidal flats and estuaries, and suspended particulate matter. [35] [36] [37] [38] [39] We found low total P concentrations, Table 2 . Sequential extraction steps and P phase identified in marine sediments. [25] [26] [27] Step Reagents and conditions P phase extracted I 1 0 ×25 ml 2 M NH4Cl (pH 7), 4 h Exchangeable P consisting of loosely adsorbed P, biogenic apatite, apatite precursor mineral, CaCO3-bound P II-1 1×25 ml citrate dithionite buffer (pH 7.5), 16 h Fe (III)-bound P consisting of P associated with reducible/reactive iron II-2 1×25 ml 2 M NH4Cl (pH 7), 2 h II-3 1×25 ml H2O, 2 h III-1 1×25 ml 1 M Na-acetate (pH 4), 16 h Authigenic P consisting of authigenic carbonate fluorapatite III-2 1×25 ml 2 M NH4Cl (pH 7), 2 h III-3 1×25 ml H2O, 2 h IV-1 1×25 ml 1 M HCl, 16 h Detrital P consisting of detrital apatite of igneous or metamorphic origin, other acid soluble P-containing minerals IV-2 1×25 ml H2O, 2 h was found in the sample of riverine suspended matter (N8), which contained a high proportion of terrigenous organic P compounds. 29) A comparison of these natural aquatic samples with the Slags revealed that the total P concentrations in the Slags were one to two orders of magnitude higher than the concentrations in the natural aquatic samples.
P Fractionation by Sequential Extraction
The substantially higher concentrations of total P in Slag implies that Slag is a potential source of P if it were used as the basal medium for artificial tidal flats and seagrass beds. It is therefore important to examine to what extent and under what conditions the P contained in Slags can be released.
Sequential extraction techniques have been used to identify chemical forms of P in aquatic sediments and particulate materials. Figure 1 shows the concentrations of four components of P in the samples of Slags and aquatic particulate materials based on fractionation by the sequential extraction technique. The P components that were extracted during step I (2 M NH4Cl) are considered to be the most easily mobilized and can be defined as exchangeable P. In marine sediments and other aquatic materials exchangeable P includes loosely adsorbed P, biogenic apatite, apatite precursor mineral, CaCO3-bound P. 27) Except for sample S3, exchangeable P in step I accounted for most of the P in the Slags. The exchangeable P concentrations ranged between 105 and 515 μmol P g -1 and accounted for 35% (S6) to 64% (S4) of the total P (Fig. 3) . Unlike the other samples, the exchangeable P in S3 accounted for only 4.5% of the total P. However, the exchangeable P concentration in S3 (15.1 μmol P g -1 ) was 5.0 to 920 times the exchangeable P concentrations in the aquatic particulate materials, which ranged from 3.07 (N2) to 0.0163 μmol P g -1 (N5). Concentrations of P in step II were variable among the samples of Slags (range: 39.6-145 μmol P g -1 ) and aquatic particulate materials (range: 1.54-13.0 μmol P g -1 ) (Fig. 1) . In step II, we used a solution containing highly reducing compounds and chelating agents, which can degrade ferric oxyhydroxide and other forms of Fe-oxides. The components of P extracted in step II are considered to be associated with Fe (III). 25) Although the proportion of iron was much higher in Slags than in aquatic particulate materials (Table  3) , the results of sequential extraction revealed that the percentage of total P accounted for by Fe (III)-bound P was not much different between Slags (range: 11.8-22.1%) and aquatic particulate materials (range: 19.9-40.2%) (Fig. 2) . It is apparent that the iron contained in Slags is not in a form that can adsorb P effectively. In marine sediments, P extracted in step III was identified as authigenic P to form authigenic apatite (carbonate fluorapatite). 25) Authigenic apatite is the phosphatic mineral phase forming during early diagenesis, and burial of authigenic apatite is the major sink of P in marine sediments. 40, 41) In step IV, acid soluble components were extracted with 1 M hydrochloric acid. All inorganic P in the residual samples was recovered in this step. This fraction is defined as detrital P composed of detrital minerals including detrital apatite of igneous or metamorphic origin, and other acid soluble Pcontaining minerals. 25) It is unlikely that artificially produced Slags contain these natural mineral phases. Although there is little information about the detailed chemical structure of the P components of the Slags used in this study, the P pools extracted into these fractions seem to have similar characteristics to authigenic apatite and detrital P found in marine sediments in terms of their mobility and environmental stability. Authigenic P in the natural aquatic materials and authigenic P-like components in Slags are minor P pools accounting for less than 10.5% of total P. While an exceptionally high percentage of the detrital P-like component was found in S3 (70% of total P) among the Slags, this sample contained a low percentage of exchangeable P relative to other samples (Figs. 1 and 3) . We defined and quantified various forms of P in Slags as the fractions of the sequential extraction method based on the previous studies of aquatic sediments. We will continue to identify the actual chemical forms of P in each fraction. For further chemical characterization of the fractions, some analytical techniques including element mapping with energy dispersive X-ray spectroscopy and/or X-ray diffraction analysis seem to give us useful information.
With the exception of sample N5, there was a significant difference between the total extractable P in the aquatic particulate materials estimated by sequential extraction and by the ignition method (t-test, P < 0.05, n = 3), as shown in Fig.  1 . If the sum of the P recovered in the extracts is regarded as total inorganic P, then the P remaining in the residue of the sequential extraction, namely, unextractable P, can be considered to be organic P. 25) The difference between the total extractable P determined by the sequential extraction method and the total P by the ignition method can therefore be regarded as organic P. Organic P was a major P component of the aquatic particulate materials and ranged between 0.92 and 8.1 μmol P g -1 ; it accounted for 18.3-55.4% of the total P in the aquatic particulate materials (Figs. 1 and 3) . In contrast to the aquatic particulate materials, there was no significant difference in Slags between the total P by the ignition method and the sum of extracted P by sequential extraction method (t-test, P > 0.05, n = 3) except for one sample (S3). In S3, unextractable P was found in a small proportion of the total P, but the amount of unextractable P was significantly different from zero (t-test, P < 0.05, n = 3). Since all Slags are exposed to very high temperatures during the steel production process, under those conditions any organic molecules are likely to decompose. For the Slags, the difference between the total extractable P determined by the sequential extraction method and the total P determined by the ignition method does not seem to be organic P; instead, it is probably inorganic P, perhaps in the similar form of some type of clay mineral that contains highly recalcitrant, inert inorganic P unable to be recovered by hydrochloric acid extraction. 32) As argued, the total P determined by the ignition method was comparable with that by the sequential extraction method (except S3) as well as that by the well-established X-ray fluorescence. Therefore, it can be considered that total P measurements in Slags by these three methods are consistent with each other.
Potential for P Release from Slags
Futastuka et al. 5) have investigated the morphology of the phases of Slags that precipitate during the cooling period. They carried out dissolution experiments with Slags and pure substances in artificial seawater, and they have demonstrated that a stability diagram of the Si, P, and Fe in seawater is a powerful tool for understanding the dissolution behavior of P in Slags. In reality, however, the ambient conditions associated with Slags that are used as basal media for tidal flats and seagrass beds seems to be highly complicated. In particular, pH and redox conditions may vary greatly depending on the site, depth below the surface, and nature of biological activity. It is difficult to evaluate P behavior under ambient conditions in the marine environment with experiments in a laboratory.
The sequential extraction technique used in this study does not provide a complete picture of the chemical forms and structures of P-containing compounds in the samples. 3 . The proportion of phosphorus extracted in each step of the sequential extraction method from Slag samples (S1-S6) and aquatic particulate materials (N1-N8). Unextractable P was determined as the difference between the total P determined by the ignition method and the sum of the P extracted throughout the sequential extraction procedures.
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However, this technique has been developed to examine P behavior under ambient conditions in marine environments. Because the technique involves increasing the strength of the extractants used to separate P in a stepwise manner, it can be used to evaluate the reactivity and mobility of the P components in the samples. As mentioned, the P components extracted during step I constitute the most easily mobilized fraction of the total P. Rapid release of P from this fraction has been observed as a result of changes in salinity and pH in various aquatic environments, in particular from suspended particles in estuaries. 23, 42) The P components associated with the Fe (III) extracted in step II are thought to escape rapidly from sediments when Fe (III) is reduced as a result of the decomposition of organic matter, which leads to oxygen-depleted conditions. 20, 41, 43) Step II, which involves use of the CDB solution, simulates the highly reduced conditions that lead to reduction of Fe (III) and liberation of associated P. The P extracted in steps III and IV seems to be relatively stable and is immobile under natural conditions. The sum of the P extracted during steps I and II can therefore be defined as the mobile P that can be released relatively easily in the marine environment.
Mobile P concentrations varied between 54.7 and 660
μmol P g -1 in the Slags ( Table 4 ). The relative abundance of mobile P was exceptionally low in S3 (16.2% of total P), whereas other samples contained 56.1-80.9% mobile P. Mobile P concentrations were substantially higher in Slags than in aquatic particulate materials in which mobile P concentrations were ranged from 1.6 to 14.9 μmol P g -1 . Some samples of aquatic particulate materials contained a significant amount of organic P, which may be released from sediments as a result of remineralization associated with biological activities. However, even if all the organic P in aquatic particulate materials were considered to be as degradable as mobile P and therefore a part of the mobile P, the mobile P concentrations were still substantially higher in the Slags than in the aquatic particulate materials.
Summary and Wider Implications
We evaluated the potential for P release from Slags if they were used as a basal medium for tidal flats and eelgrass beds. Total P concentrations were one order of magnitude higher in the Slags than in various aquatic particulate materials. By using the sequential extraction technique, we were able to separate the P components and to quantify the amounts of exchangeable P, Fe (III)-bound P, authigenic Plike component, and detrital P-like component in the Slags. We quantified mobile P as the sum of exchangeable P and Fe (III)-bound P, both of which can be released into seawater under ambient marine conditions. Except for one sample, mobile P accounted for the majority of P (56-81%) in the Slags. In particular, high concentrations of Fe (III)-bound P in Slags are likely to lead to a rapid release of P under anoxic conditions, when iron oxides are thermodynamically unstable. Such reduced conditions are often observed below the surface of sediments in coastal marine environments. 44, 45) Our results therefore demonstrate that Slags, if used as the basal medium for tidal flats and eelgrass beds, have substantial potential to supply P to the overlying seawater, to the rhizosphere of rooted plants, and to benthic microalgae.
The Slags tested here exhibited substantial potential for P release. Previous studies, however, have shown that slags from blast furnaces and electric arc furnaces can remove phosphate from water. The mechanism involves adsorption of P onto metal hydroxides and formation of hydroxyapatite, amorphous calcium phosphates, and/or octacalcium phosphate. 17, 18, 46) Another mechanism that may contribute to phosphate removal from seawater in the presence of slags is co-precipitation of phosphate with brucite [Mg(OH)2], 47, 48) which forms under the alkaline conditions (pH 9-10) due to dissolution of the alkaline components from the slags. It could be that further application of the sequential extraction technique to P-adsorbing slag provides important insights to understand the characteristics of P adsorbed on Slags and the mechanisms of adsorption.
The high concentrations of Fe (III)-bound P that we measured in the Slags in this study suggest that it may be possible to immobilize phosphate onto the Fe-oxide in Slags under oxic conditions. This possibility implies that Slags play two important roles that impact the P cycle in sediments, one of which involves removal of P, and the other of which involves the release of P at the sediment-seawater interface. At greater depths in the sediments, under highly reducing conditions, Slags release P. In contrast, Slags can control P release into seawater by efficiently adsorbing P at the sediment surface under oxidizing conditions. The results of our laboratory experiments demonstrated the important role of Slags as a source of P. Further investigations under in situ conditions along with laboratory experiments will provide important insights that will enhance understanding of the role of Slags in controlling processes that impact the cycles of P in artificial tidal flats and eelgrass beds. 
